Bacterial swarming is a type of motility characterized by a rapid and collective migration of bacteria on 21 surfaces. Most swarming species form densely packed dynamic clusters in the form of whirls and jets 22
where hundreds of rod-shaped rigid cells move in circular and straight patterns, respectively. Recent 23 studies have suggested that short-range steric interactions may dominate hydrodynamic interactions, 24 and that geometrical factors, such as cell's aspect ratio, play an important role in bacterial swarming. 25 Typically, the aspect ratio for most swarming species is only up to 5, and detailed understanding of the 26 role of much larger aspect ratios remains an open challenge. Here we study the dynamics of 27
Paenibacillus dendritiformis C morphotype, a very long hyperflagellated straight (rigid) rod-shaped 28 bacterium with an aspect ratio of ~20. We find that instead of swarming in whirls and jets as observed 29 in most species, including the shorter T-morphotype of P. dendritiformis, the C-morphotype moves in 30 densely packed straight, but thin, long lines. Within these lines, all bacteria show periodic reversals, 31 with a typical reversal time of 20 s, which is independent of their neighbors, the initial nutrient level, 32 agar rigidity, surfactant addition, humidity level, temperature, nutrient chemotaxis, oxygen level, 33 illumination intensity or gradient, and cell length. The evolutionary advantage of this unique back-and-34 forth surface translocation remains unclear. 35 36 37 38 39
INTRODUCTION 40
Motile bacteria are able to colonize surfaces using various motility mechanisms (1) . One efficient 41 method includes flagellated-based cell motion in conjunction with collective lubrication (typically by 42 secretion of surfactants) to enable fast expansion on hard surfaces. This mode of 'bacterial swarming' 43 that has been studied extensively for many species (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , enables rapid colony expansion (up to 44 centimeters per hour). Swarming is often marked by hundreds of cells moving in a coordinated fashion 45 while generating whirl and jet patterns. 
58
Hydrodynamic interactions may not always be the dominant physical mechanism controlling bacterial 59 motion. During differentiation to the swarming state, the cells of most species elongate and are thus 60 subjected to strong steric and excluded volume interactions (29, (44) (45) . The cells are typically 61 considered self propelled rods, having a straight rigid body; i.e., no cell bending is observed by light 62 microscopy ( Fig. S1 ). For very long cells this may affect the self-organization, and change the dynamic 63 patterns. The result is that the very long straight bacteria may no longer swarm in whirls and jets (45). 64
In a recent study on collective motion of Bacillus subtilis in liquids (29), clusters of bacteria with high 65 orientational order have locally high swimming speeds, while orientationally disordered regions have 66 lower speeds. The role of length/width body-ratio plays an important role in the explanations offered 67 for the mode of collective motion (45), but since most swarmers in nature are self propelled straight 68 rods and have length/width body ratio of up to ~5 (around ~10 for two daughter cells before 69 reproduction is completed), swarming of longer (e.g., length/width >20 of a single cell) straight rods 70 was never studied experimentally. [Recently, Tuson et al. (46) studied the dynamics of Proteus 71 mirabilis, a long (length/width >20) swarming species, and observed that they move in whirls and jets 72 similarly to short (aspect ratio~5) and straight species. However, because these cells are curved and 73 bent during swarming, (typically look like boiled spaghetti (46)) they do not fall under the category of 74 self-propelled rods, i.e. straight (rigid) bacterial cells (45). In our study we see that the rods do not bend 75 even during collisions (Fig. S1) ] 76
77
In this study, we quantitatively examine the swarming dynamics of very long rods using P. 78 dendritiformis morphotype C (47). Surprisingly, we find that instead of the standard dynamic patterns 79 of whirls and jets, observed in shorter species (e.g. B. subtilis (2)), and in particular the shorter 80 morphotype of P. dendritiformis (morphotype T) (3, 14), P. dendritiformis morphotype C forms long 81 tracks in which individual bacteria repeatedly move back-and-forth along moderately curved lines. 82
Direction switching is periodic, and each cell reverses (backs up) on average approximately every 20 s 83 independently of its neighbors. The time between switching was found to be independent of initial 84 nutrient level, agar rigidity, surfactant additions, cell-length (a broad length distribution of ~17±12 μm, 85 and a fixed width of ~1 μm are always present in a normal culture), humidity level, temperature, food 86 chemotaxis and oxygen level. This independence of reversal times suggests an extraordinary robust 87 internal clock for reversal events. The observed periodic reversals are different from those observed for 88 other species such as Myxococcus xanthus (48-52), Halobacterium salinarium (53-54) and Acetobacter 89 xylinum (55), in that the motive organelles are different. We thus report a new behavior for swarming 90 motility: periodic reversals in very long and rigid hyperflagellated bacteria. This unique behavior is so 91 far limited to P. dendritiformis. The generality of this type of swarming is yet to be known and so is the 92 general correlation to cell aspect ratio. 93
94

MATERIALS AND METHODS 95
Strain and growth media 96
Paenibacillus dendritiformis (morphotype C; aka chiral morphotype) is a spore-forming, motile 97 bacterial species (56). Each bacterium is an elongated (filamentous) rigid (seldom bends by collisions) 98 rod-shaped cell, with a fixed thickness of ~1 μm and a very broad length distribution of ~12 17 ± μm. 99
The bacteria were maintained at -80 ºC in Luria Broth (LB) (Sigma, St. Louis, MO) with 25% [wt/vol] 100 glycerol. Luria Broth was inoculated with the frozen stock and grown for 24 hours at 30 ºC while 101 shaking; it was subsequently grown to an OD 650 Some peptone plates were used to grow colonies at higher and lower oxygen levels. The plates were 115 inserted, after inoculation, into plastic bags filled with pure oxygen or with pure nitrogen. In other 116 cases the colonies were exposed to oxygen or nitrogen only at the time of observation by bounding the 117 microscope-stage area with a cell to which the gases were streamed. This was done as the bacteria can 118 adapt to a certain oxygen level; however, a rapid change of oxygen in the course of observation might 119 produce a strong effect on the reversal rates and on the speed (57). Nutrient chemotaxis experiments 120 were performed on plates that were kept slightly tilted while the agar was cooling. By varying the nutrition level and agar concentration, we showed in our earlier work for morphotype T 209 (14) that the colonial expansion rate is independent of parameters of microscopic motion. Here, for 210 morphotype C, we grew bacteria at various peptone levels (1 g/l, 2g/l, 4 g/l, 8 g/l), and in LB, while 211 keeping the agar concentration (1% [wt/vol]), the temperature (30° C) and the relative humidity (90%) 212 unchanged. As expected, the expansion rate of the colony increases monotonically with increasing 213 nutrition levels (Fig. 4A) . However, the microscopic speed as well as the reversal time seems to be 214 essentially independent of the nutrition level (Figs. 4 B-C) in contrast to the morphotype T for which 215
we observed a dependence of microscopic speed and nutrition level. 216
217
In the next step we investigated whether the reversal time could be affected by a gradient of nutrients, 218 namely whether food chemotaxis could affect the reversal time. Colonies were inoculated on agar 219
plates that were kept slightly tilted while the agar was cooling, enabling the colony to sense different 220 food levels in different directions. The colonies spread faster towards the richer (thicker agar) regions; 221 however, the microscopic motion, namely the bacterial speed and the reversal times were not affected. (Fig. S3) . At low temperatures (< 28 ºC) the colony expanded slowly, and the microscopic bacterial 248 speed was slow as well. At high temperatures (>37 ºC) the colony did not expand at all and no 249 microscopic motion was detected; loss of motility was observed at these temperatures in liquid cultures 250 too, but bacteria were alive. Between 28-37 ºC, the microscopic bacterial speed changed in a 251 nonmonotonic way: fastest motion at 32 ºC and slowest at 28 ºC and 36 ºC. In the regimes that motion 252 was detected (28-37 ºC), the reversal time was not affected. 253
254
Humidity effect: We have changed the humidity between 35-90% RH; below 35% no growth was 255 observed. The drier the air, the slower the colonies expanded and the slower the bacteria moved at the 256 microscopic level (Fig. S4 ). For instance, at intermediate dry growth conditions (2 g/l peptone, 1% 257
[wt/vol] agar, 30 ºC and 40% RH), the average colonial expansion rate was 0.5 mm/day (~20 times 258 slower than at 90% RH), and the average microscopic speed was 0.5 μm/s (4 times slower than at 90% 259 RH). But again, the reversal time was not affected and bacteria changed direction every ~20 s as 260 observed for all other cases. 261
262
Oxygen effect: We have grown the colonies at high, medium and low oxygen levels. At very low 263 oxygen levels (plastic bags filled with nitrogen), the expansion rate, the microscopic speed and the 264 reversal time were not affected (similar to ambient conditions). At very high oxygen levels (plastic 265 bags filled with oxygen), no growth was detected (plates were later placed at ambient conditions for 266 weeks with no recovery; we could not recover cells from the colony by reinoculating on fresh LB 267 substrates). At medium oxygen levels (plastic bags filled with a mixture of oxygen and ambient air 268 with no real control of oxygen percentage), the colonies expanded slower, the microscopic motion was 269 slower but the reversal time remained 20 s on average. In other cases pure oxygen was added at the 270 time of observation only. In these cases a gradual reduction in each bacterial speed was observed, 271 typically reducing their speeds from ~2 μm/s to ~0.5 μm/s, until an abrupt stop. Most cells stopped 272 almost simultaneously after 20 min, and no motion was detected after 30 min. However, the reversal 273 time remained ~20 s as long as the cells moved. To obtain a better understanding of the motility of the C-morphotype on an agar surface and clearly 318 define its motion as "swarming", we have performed several experiments. First, we have used 319 transmission electron microscopy (TEM) to find the motive organelle of P. dendritiformis morphotype 320 C. Possible mechanisms are the S motility of type-IV pulling pili, a.k.a. twitching (e.g., A. xylinum or 321
Pseudomonas aeruginosa), a combination of S motility at one pole and an A motility engine that works 322 in the opposed direction (e.g., M. xanthus), a single flagellum that can switch rotational direction from 323 clockwise (CW) to counterclockwise (CCW) (e.g., H. salinarium), and motility due to multiple flagella 324 as often seen in swarming cells (e.g., E. coli)). All of these have been previously associated with run-325 and-tumble or back-and-forth periodic events. Amphitrichous, i.e., two polar flagella, each located at a 326 different pole (e.g., Spirillum), is another potential configuration that bacteria can utilize in back-and-327 forth reversals. 328 329 Independent of growth conditions, multiple flagella were observed for cells harvested from agar plates, 330 but bacteria grown on Eiken agar gave better images (the cells are slightly shorter on the Eiken agar). 331
The many flagella (~100 for each cell) are peritrichous -they are uniformly distributed all over the cell 332 (Fig. 5A-B) . A closer look shows that each flagellum is solitarily connected to the membrane through 333 the basal body (Fig. 5C) , and in most cases, a few flagella formed bundles (Fig. 5D) . Many of these 334 flagellar bundles were found to be distributed in various places around the cell. All of the flagella have 335 similar physical features; they are 10-20 μm in length and 17±1 nm in width (Fig. 5E) . No pili were 336 observed, suggesting that twitching is not the motility mode of P. dendritiformis morphotype C in these 337 growth conditions. The images were compared to those obtained for cells grown in liquid media where 338 a single bundle of 4 flagella, located at one pole, was observed (Fig. 5F ). This suggests that 339 extracellular conditions had a very large influence on the number and position of flagella on the cells. 
Effect of bacterial length 357
Our results that the reversal time is essentially independent of all parameters tested point towards the 358 existence of a robust internal clock for the timing of reversal events. It is very likely that the flagella 359 need to be synchronized to reverse the direction. The way flagella are structured on the cells raises the 360 possibility that, similarly to other peritrichous-flagellated species, large bundles are formed at the poles 361 during motion. For a reversal event to happen, the signal has to travel through the cell from one pole to 362 the other turning on and off the rotation of the flagellar bundles or switching their direction. If the 363 signal propagation is the limiting factor for the speed of reversals, one expects a significant rest time 364 when bacteria change their direction and that this rest time depends on the length of the bacteria. 365
However, Figure 6 shows that the reversal time (Fig. 6A) as well as the rest time (Fig. 6B) is 366 independent of bacterial length (p-values are 0.076 and 0.068 respectively). The histogram of rest times 367 (Fig. 6C ) is strongly asymmetric with a maximum around 3 s, with many shorter events, and a 368 minimum rest time of approximately 0.4 s. Also, the minimum rest time seems to be independent of 369 the bacterial length as suggested by Fig. 6B which points 
